Hint1 is a member of the evolutionary conserved family of histidine triad proteins which acts as a haplo-insufficient tumor suppressor inducing spontaneous tumor formation in Hint +/-and Hint -/-mouse models. However, the molecular mechanisms for the tumor suppressing activity are poorly defined. In this respect we recently showed that Hint1 by interaction with pontin and Reptin inhibits TCF/β-catenin-mediated transcription of Wnt target genes. In this study we find that after transient transfection with Hint1 SW480 and MCF-7 cells undergo apoptosis as analyzed by pro-caspase-3 and PARP cleavage, M30 CytoDeath staining, cytochrome c release and DNA-fragmentation ELISA. Hint1 is involved in regulation of apoptotic pathways by inducing an upregulation of p53 expression coinciding with an up-regulation of the pro-apoptotic factor Bax and a concomitant down-regulation of the apoptosis inhibitor Bcl-2. Bad and Puma levels remained unchanged. Further analyses revealed that Hint1 is associated with the Bax promoter and is a component of the Tip60 histone acetyltransferase complex and in this context appears to be involved in the regulation of Bax expression. Knock-down of Hint1 by shRNA results in down-regulation of p53 and Bax but had no effect on Bcl-2 expression. A mutant Hint1 (H112N) protein defective in the enzymatic activity as an AMP-NH 2 hydrolase was not impaired in induction of apoptosis suggesting that the Hint1 pro-apoptotic activity is independent of the Hint1 enzymatic activity.
The HIT (histidine triad) superfamily represents an evolutionary conserved family of proteins characterized by the sequence motif HXHXHXX (H: histidine; X: hydrophobic amino acid) which is involved in nucleotide hydrolase and/or transferase activities (1, 2) . The superfamily is divided into three branches including the Hint (histidine triad nucleotide binding protein) branch, the Fhit (fragile histidine triad) branch and the GalT (galactose-1-phosphate uridyltransferase) branch. The most prominent member of the family, the Fhit protein is encoded on chromosome 3p14.2, which represents one of the most common fragile sites in the human genome (3) . During recent years numerous studies have shown that reduced or lost expression of Fhit is associated with early preneoplastic and malignant disorders in multiple human organs and in this context Fhit was ascribed a tumor suppressor function (4, 5) . Hint1, the founding member of the Hint branch originally was identified as a 126 amino acid protein that inhibits protein kinase C (PKC) (6) . The PKC inhibitory activity, however, was not further confirmed. Since it was found to interact with PKCβ in a yeast two hybrid screen the protein was named PKCI-1 (PKC interacting protein-1) (7). Later on X-ray structural analyses revealed that the protein forms dimers and the histidine triad (HIT) motif (HXHXHXX, X: hydrophobic amino acid) is involved in nucleotide binding and hydrolysis (8) (9) (10) (11) . Thus the protein was renamed Hint1 (histidine triad nucleotide binding protein-1) (11) . In vitro biochemical analyses have identified various nucleotides that bind to Hint1 including Ap 4 A, Ap 3 A, ADP, AMP and AMP-NH 2 (adenosine-5´-monophosphoramidate). However, in contrast to Fhit, Hint1 does not hydrolyze diadenosinepolyphosphates or ATP but does hydrolyze ADP and AMP-NH 2 (8, 12) . These observations suggested that binding of diadenosinepolyphosphates and/or hydrolysis of nucleotides is involved in the physiological activity of Hint1. However, for many years the cellular function of Hint1 remained obscure. The observation that Hint1 interacts with the basic helix-loop-helix microphthalmia associated transcription factor (MITF) and the cyclin-2 dependent kinase 7 (Cdk7) supported a role of Hint1 in transcriptional regulation and growth control (13, 14) . Hint1 suppresses transcriptional activity of MITF and regulates target gene expression in mast cells including RMCP-6, cKit receptor tyrosine kinase, lymphocyte serine protease granzyme B and tryptophan hydroxylase (13, 15) . In this respect it is of interest, that binding of the diadenosinepolyphosphate Ap 4 A to Hint1 modulates transcriptional activity of MITF in mast cells by disrupting the Hint1/MITF complex, thereby releasing the repressor Hint1 from MITF. In addition, Hint1 was reported to interact with the product of the ATDC gene and to repress fos transcription (16, 17) . These observations and the structural homology with Fhit suggested that Hint1 similarly might act as a tumor suppressor protein. First evidence for this function came from studies of mice with deleted Hint1 gene (18, 19) . Heterozygous and homozygous mice were not impaired in embryonic development and appeared to have normal life spans. However, Nnitrosomethylbenzylamine (NMBA)-treated Hint1 -/-mice showed higher frequencies of squamous tumors compared to wildtype mice (19) . This study now was extended and revealed that at the age of 2 to 3 years both Hint1 +/-and -/-mice exhibit an increased rate of spontaneous tumor development with comparable tumor incidence and histology (20) . Similar to the observations of the previous study Hint +/-and -/-mice showed enhanced susceptibility to tumor induction by DMBA (7,12-Dimethylbenzanthracene)-treatment.
Interestingly, in some tissues loss of Hint1 expression was compensated by increased expression of Fhit. From these studies Hint1 was classified a haplo-insufficient tumor suppressor in mice (20) . Consistent with a tumor suppressor function, in the human non-small cell lung cancer cell line NCI-H522, a methylation-dependent downregulation of Hint1 expression was observed and reintroduction of Hint1 resulted in cell growth inhibition and reduced tumorigenicity (21) . In this context we recently reported that Hint1 interacts with Pontin and Reptin and represses β-catenin transcriptional activity by disrupting the homo-and heteromeric protein interaction between Pontin and Reptin (22) . Pontin and Reptin are evolutionary highly conserved proteins that have previously been identified as direct β-catenin and TBP (TATA-box binding protein) interaction partners antagonistically modulating β-catenin transcriptional activity in the Wnt signaling pathway (23) (24) (25) . Both proteins are associated with various chromatin remodeling complexes including Ino80 complexes (26, 27) , the Tip60 histone acetyltransferase complex (28, 29) and the BAF53 complex (30) . There is clear evidence now that Pontin is involved in tumorigenesis by regulating β-catenin-mediated neoplastic transformation (31) . Moreover, it was shown that Pontin is required for c-myc oncogenic transformation (32, 33) . Reduced or lost expression of tumor suppressor proteins often is associated with impaired induction of apoptosis. Since the tumor suppressor function of Fhit was correlated with a pro-apoptotic function (34-37), we here analyzed whether the Hint1 tumor suppressing activity is associated with regulation of apoptosis. Expression of Hint1 in MCF-7 and SW480 cells resulted in cytochrome c release, activation of caspase-3 and upregulation of p53 levels. Moreover, expression of the pro-apoptotic factor Bax was upregulated whereas the anti-apoptotic factor Bcl-2 was reduced. No changes in the expression levels of the pro-apoptotic BH3-only proteins Bad and Puma were observed. In addition we provide evidence that Hint1 together with the TIP60 histone acetyltransferase complex is involved in the regulation of the Bax promoter. Taken together these data clearly provide evidence that Hint1 modulates the apoptotic signaling in cells.
EXPERIMENTAL PROCEDURES
Cell Culture -HEK293, SW480 and MCF-7 were cultured in Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Inc.) supplemented with 10% (v/v) fetal calf serum, 100 units/ml penicillin, and 100 µg/ml streptomycin (Life Technologies, Inc.) at 5% CO 2 . The cell line MCF-7 Tet-On (BD Biosciences Clontech) was grown in DMEM containing 10 mM Hepes, 1 mM sodium pyruvate, 0.2 U/ml bovine insulin, 0.2 mg/ml G418 and supplemented with 10% (v/v) Tet System approved fetal bovine serum (BD Biosciences Clontech), 100 units/ml penicillin, and 100 µg/ml streptomycin. Plasmids -Plasmids pCS2+Hint1, pCS2+Hint1-myc 6 and pQE40-Hint1 were described previously (22) . EGFP-tagged Hint1 was generated by amplification of the Hint1 cDNA with the oligonucleotide pairs 5'-CGC GGA TCC ATG GCA GAT GAG ATT GCC-3' (forward) and 5'-CGC GGA TCC TTA ACC 3 AGG AGG CCA ATG CAT-3' (reverse). The PCR product was cloned into BamHI-CIP treated pEGFP-N3 vector (BD Biosciences Clontech). The plasmid pEGFP-Actin was obtained from Clontech and pFLAG-CMV10-Tip60 was kindly provided by Dr. M.G. Rosenfeld (29) . Site-directed mutagenesis to generate Hint1-G105A, -S107A, -G105A/S107A and -H112N was performed using the QuikChange™ sitedirected Mutagenesis Kit (Stratagene). Mutations were introduced by PCR using the expression plasmid pQE40-Hint1 as template. The following oligonucleotides were used for site-directed mutagenesis: G105A, 5´-GTG AAT GAA GGT TCA GAT GGT GCA CAG TCT GTC TAT CAC GTT CAT C-3´ (forward) and 5´-GAT GAA CGT GAT AGA CAG ACT GTG CAC CAT CTG AAC CTT CAT TCA C-3´ (reverse); S107A, 5´-GAA GGT TCA GAT GGT GGA CAG GCT GTC TAT CAC GTT CAT CTC CAT G-3´ (forward) and 5´-CAT GGA GAT GAA CGT GAT AGA CAG CCT GTC CAC CAT CTG AAC CTT C-3´ (reverse); G105A/S107A, 5´-GTG AAT GAA GGT TCA GAT GGT GCA CAG GCT GTC TAT CAC GTT CAT C-3´ (forward) and 5´-GAT GAA CGT GAT AGA CAG CCT GTG CAC CAT CTG AAC CTT CAT TCA C-3´(reverse); H112N, 5´-GGA CAG TCT GTC TAT CAC GTT AAC CTC CAT GTT CTT GGA GGT CGG CAA-3´(forward) and 5´-TTG CCG ACC TCC AAG AAC ATG GAG GTT AAC GTG ATA GAC AGA CTG TCC-3´ (reverse). Sequences of the constructs were confirmed by cycle sequencing and subsequent analysis on an ABIPrism 310 genetic analyzer. Antibodies -Monoclonal anti-PARP (clone C2-10), anti-Bax (clone 6A7), anti-Bcl-2 (clone 7) and anti-p53 (clone Pab122) antibodies were obtained from BD Biosciences. Anti-α-actinin (clone BM-75.2), anti-β-actin (clone AC15) and anti-FLAG-M2 antibodies were purchased from Sigma, the anti-Caspase-3 (#9662) antibody was from Cell Signaling Technology and the anti-M30 CytoDeath antibody was obtained from Roche. The polyclonal anti-Hint1 antibody was described previously (22 5 ) were transiently transfected by the calcium phosphate method. Siamois-luciferase (S5) reporter construct (1.0 µg; kindly provided by David Kimelman) and pCH110 (β-gal; 0.1 µg) to normalize transfection efficiency were cotransfected with hTCF4 (0.5 µg; kindly provided by Hans Clevers) and β-catenin (0.5 µg) expression vectors. The amount of DNA for each transfection was adjusted by addition of empty pCS2+ vector. Luciferase activity was measured 42 h after transfection in a Lumat LB9507 luminometer (Berthold Technologies). Each value was obtained by double measurement and subsequent normalization of luciferase activities with β-galactosidase activities. Average values of four independent transfection experiments are presented for all reporter gene assays. Transcriptional regulation of p53 was analyzed in reporter gene assays using a p53 luciferase-construct kindly provided by Dr. S. Sukomar (The Johns Hopkins University). HEK293 cells were transiently transfected with 0.5 µg p53luc, 0.1 µg pCH110 4 to normalize transfection and increasing amounts of pCS2+Hint1 or shRNA-Hint1 430/431 .
Preparation of Cell Lysate and Western Blot
Analysis -Hint1-transfected cells were lyzed 72 h after transfection and 50 µg total protein was analyzed by SDS-PAGE and subsequent Western blotting as described previously (38) . For immunodetection antibodies were diluted in TST (anti-Bax, 1 µg/ml; anti-Bcl-2, 0.5 µg/ml; anti-PARP, 1:2000; anti-p53, 1 µg/ml; antiHint1 (α-21), 1:1000; anti-β-actinin, 1:1000). Anti-β-actin antibody was diluted 1:5000. For quantification of chemoluminescence signals membranes were scanned with a FujiFilm LAS-1000 system and analyzed with the Aida Image Gauge version 3.2 software.
Expression of Hint1-His 6 Mutants and Enzyme
Activity Assays -To obtain recombinant mutant Hint1-His 6 proteins E. coli strain XL1 blue was transformed with the plasmids pQE40-Hint1-G105A, -S107A, -G105A/S107A and -H112N and expression was induced with 1.0 mM IPTG. After 1 h at 37 °C bacteria were harvested by centrifugation and pellets were resuspended in lysis-equilibration-wash buffer (50 mM NaH 2 PO 4 300 mM NaCl pH 8.0) containing Complete™ protease inhibitor mixture (Roche). Cells were lyzed by sonication and insoluble material was removed by centrifugation at 24,000 x g for 30 min at 4 °C. The Hint1-His6 fusion proteins were purified by affinity chromatography on Protino® Ni-TED matrix (Macherey-Nagel) following the manufacturer's instruction. High-performance liquid chromatography (HPLC) analysis was performed to measure the enzymatic activity of the wildtype and mutant Hint1-His 6 fusion proteins. Adenosine-5´-monophosphoramidate (AMP-NH 2 ) (100 µM) as substrate was incubated in the presence or absence of fusion proteins (100 ng) in 50 mM Hepes, pH 5.5, 1 mM MgCl 2 at 37 °C for 30 min in a total volume of 200 µl. The reaction was stopped by shock-freezing in liquid nitrogen. After centrifugation on Ultrafree-MC (cut-off 5 kDa) (Millipore) the assay solution was injected onto a reverse phase HPLC column (C-18 Nucleosil-100-3, 125 x 4 mm, Macherey-Nagel) equilibrated in buffer A (10 mM KH 2 PO 4 , 2 mM tetrabutylammoniumbromide, 3% (v/v) acetonitrile, pH 5.0) at a flow rate of 1 ml/min. After a 4 min washing step educt and product of the reaction were eluted with an 8 min gradient to 100% buffer B (10 mM KH 2 PO 4 , 2 mM tetrabutylammoniumbromide, 30% (v/v) acetonitrile, pH 7.5). Reaction products were identified by retention times obtained from standard substances (AMP-NH 2 , AMP). To verify dimeric structure of the recombinant Hint1-His 6 proteins gel filtration chromatography was performed on a Äkta purifier system using a Superdex® 75HR 10/30 column (Amersham-Pharmacia). The proteins were eluted with gel filtration buffer (300 mM NaCl, 5 mM MgCl 2 20 mM Imidazol pH 8.0) and monitored at 280 nm. Lysozyme (14 kDa) and carbonic anhydrase (29 kDa 
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CTC TTC AGG GAC-3´ and reverse 5´-AGG CAC CCA GGG TGA TGC AAG-3´), Bad (forward 5´-CAG TGA CCT TCG CTC CAC ATC-3´ and reverse 5´-CAT TTG GTA GTG AGC ACG GC-3´), Puma (forward 5´-GAG ATG GAG CCC AAT TAG GTG-3´and reverse 5´-ATG CTG AGT CCA TCA GCC GTC-3´), p53 (forward 5´-AAG GAT GCC CAG GCT GGG AAG-3´ and reverse 5´-CGC GGA TCC TCA GTC TGA GTC AGG CCC TTC-3´) and β-actin (forward 5´-TCC TGG GCA TGG AGT CCT GTG-3´ and reverse 5´-CGC CTA GAA GCA TTT GCG GTG-3´). After 20, 25, 30 and 35 cycles, samples were removed from the PCR reactions and analyzed by agarose gel electrophoresis. Quantification and data analysis was performed on a FujiFilm LAS-1000 imager with the Image Gauge version 3.2 software. Bax, Bcl-2 and p53 mRNA levels were always normalized using β-actin or α-actinin as reference. Mean values obtained from RT-PCRs performed with RNAs from three independent preparations are presented. Cytochrome c release -Cytochrome c release was assayed with the Cytochrome c Release Apoptosis Assay Kit (Calbiochem) according to the manufacturer´s recommendations. Chromatin immunprecipitation -ChIP was performed according to the procedure described by Nowak et al. (39) and Weinmann and Farnham (40) with minor modifications. HEK293 were cultured as described above and fixed with 2 mM DSG (disuccinimidyl-glutarate) for 45 min at room temperature. Subsequently, cells were washed twice with PBS. Chromatin was cross-linked for 10 min at room temperature using 1% (v/v) formaldehyde and washed twice with ice-cold PBS. The cross-linking reaction was stopped by incubation with glycine at a final concentration of 0.125 M for 5 min at room temperature. After incubation with trypsin cells were scraped from the cell culture dish and washed twice with PBS. The cell pellet was resuspended in lysis-buffer (5 mM Pipes, pH 8.0, 85 mM KCl, 0.5 % (v/v) Nonidet P-40), incubated on ice for 10 min and homogenized with a Dounce homogenizer. Subsequently, nuclei were pelleted by centrifugation (3500xg, 5 min, 4°C) and resuspended in nuclei-buffer (50 mM TRIS-HCl, pH 8.1, 10 mM EDTA, 1 % (w/v) SDS). Nuclei were disrupted by sonication with three 20 sec pulses in a UP 50H sonicator (Hielscher Ultraschall Technologie) at a setting of cycle 0.5 and amplitude 30%, yielding genomic DNA fragments with a bulk size of 200-1000 bp. For chromatin-IP 50 µg DNA was diluted 4-fold in IP-buffer (16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 1.1 % (v/v) Triton X-100, 0.01 % (w/v) SDS). For each immunoprecipitation the diluted fraction was precleared by addition of 20 µl of protein A beads (50% slurry of protein A-Sepharose CL4B in nuclei-buffer containing 0.1% (w/v) BSA and 0.4 mg/ml salmon sperm DNA) for 15 min at 4°C. After centrifugation (20800xg, 5min, 4°C) the supernatant was incubated overnight at 4°C with anti-Hint1 (5 µg, affinity-purified), antiTip60 (5 µg), or anti-GFP (5 µg After centrifugation (20800xg, 3 min, 4°C) the supernatant was transferred to a new tube, this step was repeated and both supernatants were combined. All buffers were supplemented with Complete TM -EDTA-free protease inhibitor cocktail (Roche). Cross-linking was reversed by an overnight incubation at 65°C and DNA was purified as described (40). For subsequent PCR analysis, 2 µl of the extracted DNA (50 µl) were used as template for 30 cycles of amplification. The following primers were used to detect the Bax promoter: forward 5`-CAT GCC TGT AAT CCC AGC-3`, reverse 5`-ATG CTT CCA GGC AGG ACG-3`. PCR-products were analyzed on a 8% polyacrylamide gel. (41, 42) . As shown in Fig. 1A , in Hint1-transfected cells fulllength PARP was efficiently cleaved and the characteristic apoptotic 89 kDa cleavage product was detectable. In addition, proteolytic activation of pro-caspase-3 was detectable by Western blotting with an anti-caspase-3 antibody (Fig. 1B) . To more directly show that those cells that were transfected and overexpress Hint1 undergo apoptosis, staining with the anti-M30 CytoDeath antibody was performed. This antibody specifically detects cytokeratin-18 fragments generated by caspases after induction of apoptosis. Fragmentation of cytokeratin-18 was detectable in MCF-7 cells transiently transfected with Hint1-EGFP (Fig. 1C, e-h) but not in cells transfected with EGFP-actin (enhanced green fluorescent protein) alone (Fig.  1C, a-d) . Cleavage of cytokeratin-18 was also observed in HEK293 and SW480 cells transfected with Hint1 (not shown). These data suggested that overexpression of Hint1 triggers apoptosis.
Analysis of Apoptosis by Cell Death

Hint1 induces Changes in the Expression of p53
and Bcl-2 Family Proteins -p53 is a key regulator of apoptosis and mutations or defective upstream regulation of p53 contributes to tumorigenesis (43) . In respect to the tumor suppressor function of Hint1 we investigated whether p53 is involved in Hint1-triggered apoptosis. Expression of p53 was analyzed at the mRNA and protein level in MCF-7 and SW480 cells transiently transfected with Hint1 and compared to mock-transfected cells. In RT-PCR experiments p53 mRNA expression was increased by a factor of 1.53 ± 0.04 and 1,9 ± 0.03 in MCF-7 and SW480 cells, respectively ( Fig. 2A/B) . At the protein level a 2.49 ± 0.40-fold (MCF-7) and 3,71 ± 0.33-fold (SW480) upregulation of p53 was detected by Western blot analyses with a monoclonal anti-p53 antibody (Fig. 2C/D ).
Bax and Bcl-2 have been implicated as major players in the control of apoptotic pathways in a wide range of different cell types and p53 was demonstrated to be an upstream inducer of Bax expression (44) . To determine whether Hint1 overexpression and the consequential enhanced expression of p53 is associated with a modulation of the apoptosis-related proteins Bax and Bcl-2, Western blot analyses with monoclonal anti-Bax and anti-Bcl-2 antibodies were performed with cell lysates 72 h after transfection. In Hint1-transfected MCF-7 and SW480 cells an increase in the pro-apoptotic protein Bax (3.46 ± 0.19-fold in MCF-7 cells; 1.96 ± 0.16-fold in SW480 cells) and a decrease in the anti-apoptotic/prosurvival protein Bcl-2 (32.6% ± 2.5% in MCF-7 cells; 45.4% ± 2.3% in SW480 cells) was detectable (Fig. 3 A/B) . Consistent with these observations, RT-PCRs performed with RNAs obtained from one and the same transfected cells that were used for protein isolation revealed an increase in Bax (1.9 ± 0.1-fold and 2.0 ± 0.1-fold in MCF-7 and SW480, respectively) and a decrease of Bcl-2 mRNA levels (0.72 ± 0.08-fold and 0.45 ± 0.1-fold in MCF-7 and SW480, respectively) ( Fig. 3C/D) . In contrast no changes in the RNA-levels of the pro-apoptotic BH3-only proteins Bad and Puma were detectable (Suppl. Fig. 1) . Activation of the pro-apoptotic protein Bax has previously been shown to result in an increase of mitochondrial outer membrane permeability and release of apoptogenic factors such as cytochrome c (45) . Accumulation of cytochrome c in the cytosolic fraction and a decrease in the mitochondrial fraction was observed in Hint1-transfected MCF-7 and SW480 cells. In controltransfected cells cytochrome c was only detectable in the mitochondrial fraction (Fig. 4) . If Hint1 is indeed involved in modulation of p53 and expression, silencing of Hint1 by shRNAs should affect p53 RNA and protein levels. To knock down Hint1 short hairpin RNAs (shRNA) previously designed and analyzed for their interfering activity were used (22 (Fig. 5B) . Furthermore, p53 mRNA was down-regulated in doxycyline-treated cells expressing shRNA-Hint1 430/431 , whereas no changes were detectable in cells transfected with empty vector or control shRNA-Hint1 432/433 (Fig.  5C) . Expression of Bcl-2 was not altered after addition of doxycycline neither at the protein (Fig. 5D) nor mRNA (not shown) level. In contrast, knock-down of Hint1 resulted in a strong reduction of Bax protein and mRNA ( Fig.  5D/E ). These observations suggested that Hint1 is directly or indirectly involved in transcriptional regulation of p53 and Bax expression. In this respect a dose-dependent increase of the luciferase activity was detectable in reporter gene assays with a p53-luciferase construct in Hint1-transfected HEK293 cells. Moreover, cotransfection of shRNA-Hint1 430/431 reduced the reporter gene activity (Fig. 6) . Based on the observations that i) Hint1 binds to Pontin and Reptin (22) and ii) Pontin and Reptin are components of the Tip60 histone acetyltransferase (HAT) complex (28) we wanted to know whether Hint1 is associated with the Tip60 HAT complex. HEK293 cells were transiently transfected with FLAG-Tip60 and Hint1-myc 6 and immunoprecipitation experiments were performed with the anti-myc monoclonal antibody. Indeed FLAG-Tip60 readily co-precipitated as detected by Western blotting with anti-FLAG-M2 monoclonal antibody. Moreover, in immunoprecipitations with an anti-Tip60 antibody endogenous Tip60 was found associated with Hint1-myc 6 (Fig.  7A/B) . In this context the recently reported observation that Tip60 favors the expression of some proapoptotic p53 target genes (46) suggested that Hint1 may be involved in the p53-mediated transcriptional regulation of Bax (47) . To investigate this chromatin immunoprecipitation (ChIP) experiments were performed. Indeed, a Bax promoter fragment containing the p53-binding site was precipitated with the anti-Hint1 antibody in mock-transfected and Hint1 transfected cells. In control experiments without antibody or using IgG or anti-GFP only background binding was detectable (Fig. 7C) . However, we could not find Tip60 associated with the Bax promoter in a ChIP using an antiTip60 antibody (not shown) similar to observations reported previously (46) . Taken together these results suggest that Hint1 together with the Tip60 HAT complex at least in part is involved in the modulation of p53-dependent regulation of Bax transcription. The detailed molecular mechanisms have to be elucidated. Hint1 triggers apoptosis independent of its enzymatic activity -Next we examined whether the Hint1 enzymatic activity is necessary for the induction of apoptosis. Specific amino acids suggested to be involved in the enzymatic activity by X-ray structural analysis (48) (49) (50) were exchanged by site-directed mutagenesis. To analyze these mutant Hint1 proteins (Hint1-H112N, -G105A, -S107A, -G105A/S107A) for their enzymatic activity they were expressed with a N-terminal His 6 -tag and purified by Ni-NTA chromatography. Enzymatic activity was quantified by high performance liquid chromatography (HPLC) using adenosine-5´-monophosphoramidate (AMP-NH 2 ) as a substrate. In these assays only Hint1-H112N mutated in the central histidine residue within the histidine triad was enzymatic "dead" (Suppl. Fig. 2 ) whereas the other mutated proteins only were partially impaired in their activity (not shown). From X-ray structural analysis it is known that Hint1 forms dimers (10, 11, 48) . To prove that the introduced mutations do not impair dimerization gel filtration chromatography was performed. Both wildtype and all mutant Hint1 proteins formed dimers in these assays (Suppl. Fig. 3 ). When transfected into SW480 or MCF-7 cells both wildtype and mutant Hint1 proteins did not differ in their ability to induce apoptosis in a dose-dependent way as measured by a Cell Death ELISA Plus quantifying DNA fragmentation (Fig. 8A) . Consistent with these observations the enzymatic "dead" Hint1-H112N mutant was able to induce p53 and Bax expression and to down-regulate Bcl-2 expression (Fig. 8B/C) . Interestingly, all mutant Hint1 proteins were also able to suppress TCF/β-catenin-mediated transcription in reporter gene assays (Suppl . Fig. 4 ).
DISCUSSION
The structural similarity between Hint1 and Fhit since a long time suggested that Hint1 also might act as a tumor suppressor. However, until recently functional studies were missing to prove this hypothesis. Analysis of Hint1 +/-and -/-mice provided first evidence that Hint1 is a 8 novel tumor suppressor affecting tumor susceptibility in multiple tissues (19, 20) . Interestingly, the loss of one Hint1 allele appears sufficient to sensitize cells to carcinogeninduced tumorigenesis (20) defining it as a haplo-insufficient tumor suppressor. Moreover, expression of Hint1 in a non small cell lung cancer (NSCLC) cell line was shown to inhibit cell growth and to slow down tumor growth in nude mice (21) . In line with a tumor suppressor role we recently reported that Hint1 represses TCF/β-catenin-mediated transcription by binding to Pontin and Reptin, two β-cateninassociated AAA+ superfamily proteins found in multiple chromatin remodeling complexes (22) . Here we extended our studies on the molecular mechanism involved in the tumor suppressor function of Hint1 and provide evidence that Hint1 is involved in apoptosis. Overexpression of Hint1 in MCF-7 and SW480 cells induces apoptosis as shown by PARP cleavage, procaspase-3 cleavage resulting in caspase-3 activation, M30 CytoDeath staining, cytochrome c release and a DNA fragmentation assay. We did not observe this effect in cells that were transfected with Hint2 (Wirths C., Weiske J., Huber O., unpublished observations). To further characterize Hint1 involvement in apoptosis the expression of apoptosis-related proteins such as p53, Bax, Bcl-2, Bad and Puma was analyzed. Consistent with a pro-apoptotic function of Hint1, an upregulation of p53 and Bax and a down-regulation of Bcl-2 were observed on the protein and RNA level. Bad and Puma mRNA were not changed. In contrast, Fhit was reported to not modulate p53, Bax and Bcl-2 protein expression levels (35) . This either may be explained by the use of different cell lines in our study or suggests that although highly similar in structure, Hint1 and Fhit differ in the mechanism to trigger apoptosis (51) . The observed downregulation of p53 and Bax expression at the RNA and protein level in response to the knockdown of Hint1 by shRNA suggests that normal levels of Hint1 are required for baseline expression of p53 and Bax, and affected Hint1 function may impair apoptosis. Previous studies provided evidence that Hint1 is involved in transcriptional regulation (13) (14) (15) 22) . Our p53-luciferase assays suggest that Hint1 also is involved in the regulation of p53 transcription. However, it has to be investigated whether Hint1 directly regulates p53 transcription or whether the change in expression is an effect mediated by other factors. In this respect the recent findings that p53 and TIP60 interact and together with Reptin/TIP49b are required for DNA damage-induced apoptosis, and the observation that TIP60 together with p53 is involved in regulation of Bax expression (46) suggested that Hint1 may be involved in the regulation of Bax expression. Evidence for this hypothesis is provided by the observation that Hint1 is associated with Tip60 in co-immunoprecipitation experiments and the finding that Hint1 is associated with the Bax promoter in ChIP experiments. Otherwise, Hint1 may regulate p53 activity by binding to Cdk7 (14) within the trimeric Cdk-activating kinase (CAK) complex which phosphorylates p53 (52) . In addition it was reported that p53 inhibits CAK-mediated phosphorylation of Cdk2 (53). Hint1 enzymatic activity as an adenosine-5´-monophosphoramidase was shown to support the activity of the yeast Cdk7 homolog Kin28 (12) . In this respect we investigated whether the enzymatic activity of Hint1 is required to trigger apoptosis. Site-directed mutagenesis of histidine 112 to asparagine (H112N) representing the central histidine residue within the histidine triad resulted in an AMP-NH 2 -hydrolase "dead" enzyme (10, 11, 48) (54) (55) (56) . It was suggested that binding of Ap n A but not hydrolysis is important in this respect, however, this remains to be experimentally proven (2) . Interestingly, the repressive effect of Hint1 on TCF/β-catenin transcriptional activity also does not depend on the Hint1 enzymatic activity. Taken together, Hint1 like Fhit trigger apoptosis suggesting that other HIT protein family members may also share this function. However, Hint1 and Fhit appear to differ in the molecular mechanisms involved in induction of apoptosis. Moreover, the pro-apoptotic activity of Hint1 may contribute to its tumor suppressor function. In this context Hint1 appears to modulate transcriptional regulation, cell cycle control and induction of apoptosis.
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Fig. 2.
Hint1 upregulates expression of the tumor suppressor p53. MCF-7 and SW480 cells were transiently nucleofected with pCS2+Hint1 or an empty vector (mock). A) Semi-quantitative RT-PCR was performed with total RNA using p53 and β-actin specific primers. After the indicated number of cycles PCR-products were analyzed by agarose gel electrophoresis. B) The amount of PCR products was quantified on a FujiFilm LAS-1000 system. The signal intensity for p53 and β-actin at cycle 30 was set to 1. The transcript levels of p53 were normalized using β-actin transcript levels. The average of three independent RT-PCR experiments with total RNA isolated from independent transfections is presented. C) Cell lysates obtained from the same transfected cells as described in panel A were analyzed with a monoclonal anti-p53 antibody by Western blot analysis. Signals were quantified by chemoluminescence imaging on a FujiFilm LAS-1000 system. α-Actinin was used as loading control.
D) The average of three Western blot analyses of MCF-7 and SW480 cell lysates obtained from independent transfections is presented. 
